Background: Nitric-oxide synthase (NOS) function in skeletal muscles is due to its interaction with dystrophin.
Duchenne muscular dystrophy is a lethal genetic defect that is associated with the absence of dystrophin protein.
Lack of dystrophin protein completely abolishes muscular nitric-oxide synthase (NOS) function as a regulator of blood flow during muscle contraction. In normal muscles, nNOS function is ensured by its localization at the sarcolemma through an interaction of its PDZ domain with dystrophin spectrin-like repeats R16 and R17. Early studies suggested that repeat R17 is the primary site of interaction but ignored the involved nNOS residues, and the R17 binding site has not been described at an atomic level. In this study, we characterized the specific amino acids involved in the binding site of nNOS-PDZ with dystrophin R16 -17 using combined experimental biochemical and structural in silico approaches. First, 32 alanine-scanning mutagenesis variants of dystrophin R16 -17 indicated the regions where mutagenesis modified the affinity of the dystrophin interaction with the nNOS-PDZ. Second, using small angle x-ray scattering-based models of dystrophin R16 -17 and molecular docking methods, we generated atomic models of the dystrophin R16 -17⅐nNOS-PDZ complex that correlated well with the alanine scanning identified regions of dystrophin. The structural regions constituting the dystrophin interaction surface involve the A/B loop and the N-terminal end of helix B of repeat R16 and the N-terminal end of helix A and a small fraction of helix B and a large part of the helix C of repeat R17. The interaction surface of nNOS-PDZ involves its main ␤-sheet and its specific C-terminal ␤-finger.
Mutations of the dystrophin DMD
5 gene lead to the two devastating Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) due to a complete loss of the protein or to the production of modified dystrophin, respectively (1) (2) (3) . These diseases are characterized by a progressive muscle weakness that is fatal for most DMD patients before they reach the age of 30. Effective treatment for this disease does not exist, although several human clinical trials are in progress (4, 5) . Dystrophin is a large filamentous scaffolding protein situated at the costameres in striated muscle fibers. It is composed of four major domains (6) . The N-terminal end is an actin-binding domain acting with two calponin homology domains; the central domain is made up of 24 spectrin-like repeats interspaced by four hinges and interacts with a large number of filamentous proteins, such as actin, microtubules, and intermediate filaments, with the cytosolic proteins PAR1 and neuronal NOS (nNOS) and with membrane phospholipids; the Cys-rich domain interacts with the membrane protein ␤-dystroglycan and the C-terminal domain through syntrophin and dystrobrevin. A major portion of these protein partners are thus localized at the sarcolemma through their binding to dystrophin, by which they contribute to the constitution of a direct link between the cytoskeleton and extracellular matrix.
In DMD and BMD, the primary muscle defects are disruptions of this dystrophin scaffolding network, which lead to loss of fibers and muscle weakness. Among these modifications, nNOS recruitment at the sarcolemma is impaired due to the dystrophin deficit or mutation. Indeed, nNOS delivers the diffusible signaling molecule nitric oxide (NO) into circulation, inducing a functional local vasodilation that is essential for normal oxygenation of the exercising muscles (7) (8) (9) . A deficit in its sarcolemma localization impairs functional muscle vasodilatation in DMD, which leads to ischemia and muscle damage (8) . This effect participates in the muscle weakness of DMD (10) . In BMD patients, maintenance of nNOS at the sarcolemma through interaction with modified dystrophin is accompanied by a less severe phenotype compared with that of patients in whom nNOS sarcolemma localization is lost (11) .
NOS enzymes comprise a large family of homodimeric proteins that are involved in different signaling pathways (12) (13) (14) . In muscle cells, the nNOS isoform is especially involved in the interaction with dystrophin. Structurally, all NOS isoforms comprise a catalytic domain and a calmodulin-binding domain. nNOS also includes a PDZ domain with a specific ␤-finger that is not present in classical PDZ domains (15, 16) . This enzyme was first shown to interact with syntrophin through a non-canonical interaction of their respective PDZ domains, notably involving the nNOS-PDZ ␤-finger (15) . Recently, repeats R16 and R17 of the central domain of dystrophin, two spectrin-like repeats theoretically organized in a coiled-coil fold of three ␣-helices A, B, and C for R16 and AЈ, BЈ, and CЈ for R17, were shown to constitute an nNOS interaction site that is distant from the dystrophin C-terminal region that associates with syntrophin (17) (18) (19) . This explains why the presence of syntrophin at the sarcolemma through its association with dystrophin did not always maintain nNOS localization as in BMD cases (11) . However, whereas several rat experimental structures of the nNOS-PDZ domain were obtained (15, 20) , no experimental structure of the dystrophin R16 -17 fragment is yet available.
Through investigations using in vivo and cellular systems, the nNOS-PDZ dystrophin-binding site was suggested to be located in a 10-residue fragment in dystrophin R17. This primary site also needed to be framed by the not-yet-precisely defined parts of repeats 16 and 17. A yeast two-hybrid assay and an in vivo assay led to the same conclusion of the involvement of this 10-residue long site in repeat 17, but contrasting conclusions were drawn about the other parts of the two repeats involved in the binding (18) . However, these in vivo experiments did not take into account the three-dimensional aspects of the binding, which are needed to improve our understanding of the normal mechanisms of the interaction and how the BMD mutations could interfere with these interaction mechanisms. Therefore, a detailed three-dimensional molecular description of the binding site is lacking. In addition, the dystrophin binding site on nNOS was not studied.
In the present study, we proposed the description of the structural molecular details of this interaction on both proteins at an atomic level using an in vitro alanine-scanning mutagenesis experiment combined with a structural in silico analysis. The two approaches converged to show that the binding site of dystrophin R16 -17 repeats to nNOS-PDZ involves the loop between helix A and B of repeat 16 and a large part of repeat 17. By contrast, the dystrophin binding site of nNOS involves the ␤-finger and the main ␤-sheet of the protein. Analysis of the sequence similarities of the site to its modifications in several BMD deletions provides clues about the nNOS sarcolemma localization in these pathologies.
Experimental Procedures

Biochemical Analysis of the Dystrophin R16 -17 and nNOS-PDZ Binding
Protein Expression and Purification of Dystrophin R16 -17 and the Variants-An alanine scan was conducted using our previously described R16 -17 construct by replacing all the charged residues in exons 42 to 45 in 32 groups of 1 to 5 into an alanine. Cloning of the wild-type R16 -17 was performed as previously described in detail (21) . One additional variant was made from a previously chimeric construct shown to perturb nNOS binding within R16 -17 (18) . This mutation changes 7 dystrophin residues to the homologous utrophin sequence (Fig.  1A) . The mutant genes were constructed by Gibson assembly (22) and sequenced to ensure correct constructions. The expression and production of these target proteins followed a previously described protocol (21) .
Protein Expression and Purification of PDZ Domains of nNOS and Syntrophin-The PDZ domains of syntrophin (SNTA-PDZ) and nNOS (nNOS-PDZ) were expressed using the same GST affinity tag system that was used for the dystrophin variants. These constructs were based on the known crystal structure of nNOS-PDZ⅐SNTA-PDZ complex (15) , and include the ␤-finger region of nNOS-PDZ ( Fig. 2A) . Both constructs were cloned in the pGEX expression plasmid. The ion exchange step is a unique step due to the specific charge properties of each protein. For nNOS-PDZ, we did not release nNOS-PDZ from GST by proteolysis so that during biotinylation, the much larger GST (25 kDa) would provide most of the lysine residues to which biotin could be coupled. We biotinylated at a low (0.8 to 2) ratio to ensure that most molecules had biotins attached to the GST motif and not to the PDZ motif to minimize perturbations of this bait region. To complete the purification of GSTnNOS-PDZ and SNTA-PDZ, ion exchange chromatography was conducted using HiTrapQ resin (GE Life Sciences) using a buffer of Tris, pH 8.5.
Biophysical Characterization of the Wild-type and Mutated Variants of Dystrophin R16 -17 and nNOS-PDZ-To examine the secondary structure, we placed proteins at A 280 ϳ0.5-1.0 in PBS (5 mM phosphate, pH 7.4, 150 mM NaCl) in a 1-mm cell and circular dichroism (CD) spectra from 300 to 190 nm. Helicity was assessed from the intensity at 222 nm, the ␣-helix signature region (21) . To assess thermodynamic stability, we subjected the proteins to a thermal scan from 10 to 98°C at 1°C/min, whereas the CD signal 222 was monitored. The resulting data were fit to a two-state thermodynamic model provided as previously described, yielding the melting temperature, T m (21) . For the nNOS-PDZ motif, thermal unfolding was instead monitored at 208 nm, which confirmed its ␤-strand-dominated secondary structure.
Binding Experiments
Biotinylation-For the optical surface, we used the commonly employed biotin/streptavidin interaction because of its gentle yet irreversible non-covalent binding. A commercially available streptavidin-coated tip (Fortebio) was biotinylated with the bait protein GST-nNOS-PDZ. To this end, the bait protein GST-nNOS-PDZ or the control GST protein at ϳ1 mg/ml in PBS was incubated with a 5-fold molar excess of Chromalink (Solulink Inc.) for 60 min at 25°C in the dark. This biotinylation reagent couples to lysine residues through a N-hydroxy-succinamide reactive ester and has a spacer consisting of a 15-atom hydrophilic PEG region and a bisaryl hydrazone chromophore that absorbs at 354 nm to facilitate the quantification of labeling. Excess Chromalink was quenched by the
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addition of 1 volume of 1 M Tris, pH 8.5, removed by desalting over a 0.5 ϫ 10-cm column of Sephadex G50 in PBS, and then dialyzed against PBS overnight. The biotinylation ratios were controlled by altering the incubation time and NCB ratio in preliminary experiments and were determined by the known 354 ϭ 29,000 and 280 ϭ 7825 of the bis-arylhydrazone chromophore and the 280 of the target protein as determined from its amino acid sequence. The final biotinylation ratios were 1:2. The streptavidin optical surface was coated by dipping in biotinylated protein at a concentration of 9 M in PBS for 120 s. The tip was then washed in PBS binding buffer, PBSBB (1ϫ PBS, 0.1 mg/ml of BSA, 0.002% Tween 20) for 180 s and stored at 4°C in PBSBB until use.
Binding Affinity Determination-Binding experiments were performed using the Biolayer Interferometry system (BLItz; Fortebio). In this system, bait proteins are immobilized on the surface of a glass optical guide, and the thickness of this protein boundary layer was probed by interferometry. In a binding experiment, the probe surface was dipped into a solution of the target protein at various concentrations, and association was monitored by changes in the intensity of the interference signal. Once binding is complete, the probe surface can then be transferred back to a target protein-free dissociation buffer solution to both regenerate the surface and monitor dissociation.
All the binding experiments were conducted in PBSBB. A serial 1:2 dilution of target protein into PBSBB was prepared. For dystrophin R16 -17, which displayed K D ϳ50 M toward nNOS-PDZ, an upper concentration of 400 M was typically used. Aliquots of the protein were serially diluted 1:2 into PBSBB to produce a series that typically included 8 concentrations. For dystrophin R16 -17 and its variants a series between 400 and 3.2 M was performed, whereas for SNTA-PDZ the series was typically between 50 and 0.78 M.
Binding was assessed by acquiring the baseline interference intensity signal with the optical surface immersed in PBSBB for 30 s; the surface was then transferred to the target protein aliquot at some given concentration for 30 s and then transferred to a 550-l aliquot of PBSBB for 60 s to dissociate. During this process, the interference intensity signal was acquired, which can in principle provide the k on and k off rates. For the SNTA-PDZ/nNOS-PDZ interaction, this provision was the case. Unfortunately, for the dystrophin R16 -17/PDZ-nNOS interaction, the binding kinetics were strongly non-exponential, and a multiphasic behavior was observed. This precluded reliable assessment of the on and off rates. Therefore, only the equilibrium extent of the binding was used to assess the binding strength. Thus, the final extent of the binding signal was fit to the Langmuir equation, d ϭ S/(K d ϩ S) to yield a K D . To ensure reproducibility, the experiments were conducted at least 3 times on different days with different coated surfaces, and independent K D determinations were averaged. In all cases, the control SNTA-PDZ/nNOS-PDZ interaction runs were obtained immediately before and after each dystrophin R16 -17 variant test to ensure that the different surfaces behaved identically during these different runs. Differences in binding affinities for the alanine-scanned variants were determined by a two-tailed Student's t test between the K D measurements of each variant and a similar group of measurements on wild-type dystrophin R16 -17. Significance was accepted at the p Ͻ 0.05 level.
In Silico Construction of a Dystrophin R16 -17⅐nNOS-PDZ Complex
Human nNOS-PDZ Domain and Dystrophin R16 -17 Threedimensional Structural Models-A model of the human nNOS-PDZ (UniProt P29476) was computed by homology modeling through the I-TASSER web server (23) with rat structure as the major template (Protein Data Bank code 1QAU).
The two dystrophin R16 -17 models used in this study were previously obtained using small-angle x-ray scattering and molecular dynamics (24) . SAXS measurements were conducted at the French synchrotron SOLEIL (St. Aubin, France) on the SWING beamline. A stock solution of the sample was prepared at a final concentration of 8 mg/ml and stored at 4°C before being injected into the online HPLC system (Agilent) installed upstream of the SAXS capillary for experiments at SWING (SEC-SAXS) (25) . Data analysis was completed with the ATSAS suite (26, 27) , using the GASBOR program to generate ab initio models. The molecular models were built from the two ab initio low-resolution shapes, which were best correlated to the scattering data (both 2 ϭ 2.53). They displayed moderate differences in their molecular organization (comparative NSD of 1.02 Å). Respective final models well fit to their initial SAXS low-resolution shapes (volume cross-correlation of 88% for model 1 and 92% for model 2). Dystrophin R16 -17 structural models are composed of two triple helical coiledcoils bridged by a kinked linker region (49°and 50°for models 1 and 2, respectively). The two models were obtained with a high quality score, and we used these to compute theoretical complexes with nNOS-PDZ.
R16 -17⅐nNOS-PDZ Complex by Low
Resolution Rigid Docking-Rigid docking was performed using ATTRACT software (28) with the previously obtained models. Dystrophin R16 -17, given its large size, was considered the receptor and nNOS-PDZ the ligand. The two dystrophin R16 -17 models were obtained through an SAXS-driven flexible fitting procedure and allowed to modulate the receptor shape during the first step consisting of static low resolution docking. The models were reduced according to the Zacharias force field, with one amino acid being described by one to three coarse grains (28) . The nNOS-PDZ starting position was defined using a density grid of 10 Å around dystrophin R16 -17. Thus, almost 100,000 complexes were calculated from 381 and 402 starting positions of the ligand distributed around R16 -17 models 1 and 2 as receptors, respectively. For both models, 258 rotations were applied to each starting position to modulate the relative orientation of both protein partners. The rigid docking results were analyzed through an energy evaluation of the theoretical complexes and by clustering the complexes using a root mean square deviation of 10 Å according to the ligand final position. The 20 best theoretical complexes, i.e. the most populated clusters with the lowest ATTRACT energy complexes, were selected to compute the contact frequencies between the two proteins (cut-off distance of 5 Å). DECEMBER 4, 2015 • VOLUME 290 • NUMBER 49
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R16 -17⅐nNOS-PDZ Complex by Interactive Flexible
Docking-The best theoretical complexes obtained by rigid docking were used as either a starting position or a target position for flexible interactive docking simulation using the BioSpring program (29) . To take into account the different secondary structural elements of nNOS-PDZ while allowing a sufficient degree of freedom for flexible docking, we chose a multiple distance cut-off to define backbone particles as previously described (24) . Both proteins were converted to an augmented Elastic Network Model, which links by a spring two particles when they are closer than the cut-off distances. An electrostatic potential grid of R16 -17 was calculated using the APBS program (30), the Amber force field and 50 mM sodium and chloride ions, to guide nNOS-PDZ using a Phantom Omni Sensable haptic device (29) .
Optimization and Quality Control of the R16 -17⅐nNOS-PDZ Complex Model-For each complex, 10 independent simulated annealing procedures were performed in YASARA using the YAMBER3 force field (31) . During simulated annealing, the peptide backbone was first fixed for the amino acids involved in secondary structure elements according to DSSP measurements (32) . Under the following energy minimization cycles, the ␣ carbons of the same residues were fixed and then released. Quality control of atomic models (20 complex structures) was FIGURE 1. Biochemical characterization of the dystrophin R16 -17 fragment and mutants. A, for alanine-scanning mutagenesis, all charged residues of dystrophin R16 -17 were changed to alanine in groups of 1 to 5 amino acids (common value of 2-3 amino acids). This grouping encompassed 74 residues (shown in gray), resulting in 32 variants, A through FF. The capital letters are the R16 and R17 sequence according to Koenig and Kunkel (38) ; the gs italicized letters are residues present due to cloning constraints. The three helices of each repeat are indicated in red lines and noted as HA, HB, and HC for repeat 16 and HAЈ, HBЈ, and HCЈ for repeat 17. The residues not marked by red lines are those involved in the loops between successive helices. There is no interruption of the HC and HAЈ of repeats 16 and 17, respectively, with these two helices forming a common helix with the residues in the junction involved in the so-called linker. The chimeric mutant Sb not corresponding to alanine-scanning mutagenesis is shown: the blue residues are those substituted from the utrophine sequence. B, the native fragment of dystrophin R16 -17, the 32 alanine mutants, and the chimeric Sb mutant were produced and purified. The fragments appeared at the expected molecular masses of ϳ22,700 Da and at a high degree of purity. MW, molecular weight standards. C, molar ellipticity values at 222 nm as measured from CD spectra for the wild-type dystrophin R16 -17 and all the mutants. The chimeric mutant value appears in blue. D, melting temperatures of wild-type dystrophin R16 -17 and all the mutants as obtained by heating from 15 to 85°C and followed by CD at 222 nm. The chimeric mutant value appears in blue.
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performed using Procheck and Errat included in the Structure Analysis And Validation Server (SAVES version 4), DSSP for helix percentage calculations and Naccess for surface-accessible solvent measurements as needed to evaluate the contact surface.
Molecular Surface Potential Analysis and Visualization-To compare the hydrophobic/hydrophilic properties of the models, the molecular hydrophobicity potential was calculated using the PLATINUM web server (33) . A molecular hydrophobicity potential scale shift of 0.03 was applied to obtain a realistic distribution of the hydrophobic properties of the molecules. The electrostatic potential surfaces were computed using the Protein Data Bank code 2PQR (34) and the Adaptive PoissonBoltzmann Solver (APBS) (30) programs. All the molecular structures and potentials were visualized and rendered with the Chimera (35), VMD (36) , and PyMOL programs.
In Silico Alanine Mutation-In silico alanine-scanning mutagenesis was performed by using the FoldX plugin (37) for YASARA (FoldX version 3.0). The binding free energy changes (⌬⌬G) were computed in kcal/mol. The values are given as the average of three runs for T ϭ 298 K, pH 7, and an ionic strength of 0.05 M.
Results
In Vitro Binding of Dystrophin R16 -17 and nNOS-PDZ
Stability Analysis of Dystrophin R16 -17 Variants After Alanine Mutagenesis-To experimentally map the binding site of dystrophin R16 -17 to nNOS-PDZ at a residue level, we performed an alanine site-directed mutagenesis scanning along the dystrophin R16 -17 sequence. One to five charged residues that were close in sequence were mutated at once in alanine, and we thus obtained 32 constructs named A to FF (Fig. 1A) . All appeared as single bands as shown by SDS-polyacrylamide gels (Fig. 1B) . Because the mutations will potentially affect the structure and/or stability of the protein, we screened all the mutated proteins for both secondary structure and thermodynamic stability by circular dichroism (CD) spectroscopy as previously done (21) . All the mutated proteins exhibited CD spectra typical of ␣ helical proteins. Their molar ellipticity at 222 nm was measured between Ϫ25,000 and Ϫ32,000 degrees cm 2 dmol
Ϫ1
( Fig. 1C) , which corresponded to folding in ␣ helices. In several cases, a slight increase in helicity was observed, which is not surprising because alanine is a strong helix-stabilizing residue.
To determine whether the mutated proteins remained stable, 
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we measured the melting temperature of the wild-type and mutated proteins using circular dichroism at 222 nm with increasing temperature from 15 to 85°C. The melting temperatures varied from 59 to 75°C, showing a high stability of the mutated proteins (Fig. 1D) . The nNOS-PDZ protein had a typical ␤-strand-dominated CD spectrum with a molar ellipticity peak at 208 nm of ϳ8500 degrees cm 2 dmol Ϫ1 , as expected from its known structure, and a T m of unfolding of 52°C. Overall, these data allowed these proteins to be used to determine their dissociation constant with the nNOS-PDZ.
Binding Affinity of nNOS-PDZ for Syntrophin and Dystrophin R16 -17-We first cloned, expressed, and produced the nNOS-PDZ partner and as a positive control, the PDZ domain of syntrophin (SNTA-PDZ), a known partner of nNOS-PDZ (Fig.  2A) . The dissociation constant of dystrophin R16 -17 toward nNOS-PDZ was determined using the BLItz technique to be 50 Ϯ 6 M. By contrast, the K D for nNOS-PDZ to syntrophin was 7.2 Ϯ 1.2 M (Fig. 2B) . This clear 5-fold weaker binding of nNOS-PDZ to dystrophin R16 -17 than to syntrophin is consistent with the quantitative data previously obtained using the yeast two-hybrid system (18) . There was no interaction of the two proteins with GST alone. (Fig. 2C) . The mutated sites with significantly affected values can be categorized into three main regions (Fig. 2, C-E) : a region in R16 near the A/B loop (D-G alanine mutation sites), a region involving part of the R16 -17 linker (ϳ10 residues) and the N-terminal end of R17 (Q, R, and U alanine mutation sites), and a region spanning most of helix CЈ of R17 (Z, AA, BB, CC, DD, and FF alanine mutation sites). Some isolated residues also gave rise to a decrease or increase in the binding affinity, such as the K site on helix B of R16 and the W and X sites on helix BЈ of R17. In addition, the Sb mutant similar to one previously shown to impair the nNOS-dystrophin interaction in vivo (18) showed a K D of 130 Ϯ 17 M, which is three times weaker than the wildtype R16 -17 construct.
Alanine-scanning Mutagenesis Reveals Three Sites Involved in Dystrophin R16 -17 Binding to nNOS-PDZ-The
In Silico Construction of a Dystrophin R16 -17⅐nNOS-PDZ Complex
Three-dimensional Models of Both Partners-With the aim of designing a three-dimensional model of the dystrophin⅐nNOS complex, we built structural models of each protein. Two dystrophin R16 -17 models (models 1 and 2) were obtained using an approach combining small-angle x-ray scattering data and in silico reconstruction (24) , and both showed that each repeat folded into a triple helical coiled-coil. The R16 -17 linker presents different structural behavior in the two models (Fig. 2, D and E) because of a different relative orientation of the two successive repeats. Both models have been used to build the complex with nNOS, constituting a set of putative conformers for the dystrophin R16 -17. Crystal structures of the nNOS-PDZ have been obtained from the rat isoform (15) . Human and rat nNOS-PDZ sequences differed by 1 residue indeed the I-TASSER server (23) produced a human nNOS-PDZ homology model of high reliability (C-score of Ϫ0.03). The protein is composed of two ␣ helices and seven ␤ strands. The protein backbone of the human model is very similar to the experimental rat structures, with a backbone root mean square deviation of 0.8 Å toward the main structural pattern (Protein Data Bank code 1QAU).
Contact Surfaces Obtained by Low-resolution Rigid Docking-For a large exploration of the conformational space, rigid docking was performed at low-resolution using the two SAXS-based models of R16 -17 and the homology model of human nNOS-PDZ. The contact frequencies were computed over the 20 best complexes with a cut-off distance of 5 Å to define the spatial proximity of two residues. The most frequent contact residues (Ͼ60%) on the two dystrophin R16 -17 models indicated that three main regions are involved in the interaction with nNOS-PDZ (Fig. 3, A and B) . These regions mainly correspond to (i) the A/B loop and N-terminal end of helix B of R16 involving residues Lys 45 to Phe 47 in model 1 (with the numbering of residues relative to the constructs presented in Fig. 2A Whereas electrostatic properties of these three contact regions are balanced, they clearly constitute a large and homogenous threedimensional hydrophobic patch (Fig. 3, A-D) . Therefore, changes in charged residues for alanine may reinforce the hydrophobicity of several sites, thus inducing an increase in the binding affinity as observed for mutants D, F, K, and W. Reciprocally, the nNOS-PDZ regions involved in the binding with dystrophin are the (i) ␤1 region (residues 3 to 7), (ii) ␤4 region (residues 45 to 54), (iii) ␤5 region (residues 82-84), and (iv) ␤-finger region composed of ␤6 and ␤7 strands (residues 92-99 and 105-114) (Fig. 3, G and H) ). The electrostatic profile of this contact interface shows contrasting potentials, however, it is mostly hydrophobic with the exception of the ␤-finger region (Fig. 3, E-I) .
Refining the Contact Surface Using Flexible Docking-Interactive flexible docking was performed using the best poses previously obtained by rigid docking and allowed the improvement of the contact surface definition. In addition to the previously defined contact regions, a small region on the C-terminal end of helix BЈ and the entire helix CЈ of R17 seemed to be clearly involved in the dystrophin region binding to nNOS-PDZ (Fig. 4,  A and B) . The global contact surface increased from 1094 Å 2 to 1984 Å 2 for R16 -17 model 1 and 1150 Å 2 to 1658 Å 2 for R16 -17 model 2, contributing to a better stability of the complex. In addition, overlapping of the dystrophin R16 -17 models with the regions highlighted by the alanine-scanning mutagen- DECEMBER 4, 2015 • VOLUME 290 • NUMBER 49 esis increased from 14 and 29% after rigid docking to 31 and 43% after flexible docking for R16 -17 models 1 and 2, respectively. Similarly, the nNOS-PDZ region involving ␤4 and ␤5 is confirmed and the ␤-finger seemed definitively essential for the interaction (Fig. 4, C and D) . The two final models of the complex are shown in Fig. 4 , E and F.
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In Silico Mutagenesis-To understand how alanine mutations could modify the binding affinity, we performed an in silico mutagenesis on the final models of the R16 -17⅐nNOS-PDZ complex. The differential binding free energy (⌬⌬G) was calculated, showing that several mutation sites displayed significant changes after alanine mutation. ⌬⌬G changes were mainly observed in three regions that largely overlapped with those previously indicated by the experimental alanine-scanning mutagenesis (Fig. 5A) . We analyzed the surface property changes before and after in silico mutations for the two mutants at the F and G sites, which experimentally increased and decreased the binding affinity, respectively. The F mutation (sequence FEDLF into FAALF) locally increases the hydrophobic surface potential of dystrophin, which could explain the decrease in the K D observed experimentally (Fig. 5B) , considering the general hydrophobic nature of the R16 -17/nNOS-PDZ interaction at this location. By contrast, the G mutation (sequence FKQE into FAQA) concerns only one residue (Lys 52 ) contributing to the interaction with nNOS-PDZ by forming a salt-bridge in the native complex, and this interaction is lost after mutation (Fig. 5C ), which could explain the K D increase that was observed experimentally. These results clearly indicate that the residues located in a continuous three-dimensional interface and involving the F, G, Q, R, and Z to DD and FF sites could be at the origin of the specificity of the dystrophin/nNOS interaction.
Comparison of the Native Dystrophin R16 -17-nNOS Binding Site with Modifications Induced by In-frame Exon Deletions, as
Observed in BMD Patients-The R16 -17 binding site for nNOS-PDZ is coded by exons 42 to 46 of the DMD gene (38) . This gene is therefore partly truncated in in-frame deletions of exons starting at exon 45 and involving two or more exons (2, 3) . These deletions could or could not allow the reconstitution of a structure similar to a true repeat (39, 40) . We determined the sequence similarities between the surface residues of the nNOS binding site of the native R17 (C-terminal part of helix BЈ and helix CЈ) and the residues of the corresponding region in the reconstituted repeats after the deletion of exons 45-48, 45-51, 45-53, 45-55, and 45-57 (Fig. 6 ). These similarities were 20, 33, 27, 37, and 20%, respectively.
Discussion
In this study, we used two complementary approaches to construct structural models of the complex involving dystrophin repeats R16 -17 and nNOS-PDZ. Alanine-scanning mutagenesis of charged residues using 32 variants of dystrophin R16 -17 highlighted multiple regions where mutagenesis modified the binding affinity, indicating that these regions are involved in the interaction with nNOS. This experimental mapping combined with the rigid docking calculations showed that these essential regions can be reduced to a three-component binding interface, including (i) the A/B loop and extreme N-terminal part of helix B of R16, (ii) the C-terminal part of the linker between the two repeats (i.e. the N-terminal part of helix AЈ of R17, primary binding site previously characterized in vivo (18) ), and (iii) almost the entire helix CЈ of repeat 17. This is in agreement with the binding affinity modulations observed for all the contact regions as noted by the alanine-scanning experiments. Therefore, our results clearly indicate that complex stability requires the involvement of not only the primary binding site in helix AЈ of R17 but also the entire helix CЈ of R17 and the extreme N-terminal part of helix B of R16. 
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The second flexible docking permitted the modulation of the binding interface by means of a modification of the R16 -17 structure under fitting. This docking resulted in the additional involvement of two small regions of the helix BЈ of R17 that overlap with the alanine-scanning mutants W and Z, which showed increased and decreased binding affinity toward nNOS, respectively. Finally, the regions involved in the interaction with nNOS are clearly the N-terminal end of helix B of R16 and helix AЈ, small spots of helix BЈ and almost the entire helix CЈ of R17. In contrast to previous hypotheses, R16 is only slightly involved, whereas R17 is profoundly involved in the interaction.
All these regions constitute a continuous tridimensional interaction platform. This platform is slightly modified in the two models of R16 -17, indicating that the binding site could support small modulations in a dynamical context. Indeed, the remarkable correlation between the detailed structural analysis and the experimental alanine-scanning results strongly validates our structural models of the R16 -17⅐nNOS-PDZ complex.
Our work also showed structural details of the nNOS-PDZ surface that are involved in binding to dystrophin. Despite the lack of a human crystallographic structure of the domain, high homology between the human and rat sequences allowed generation of a reliable structural model comprising the specific nNOS-PDZ ␤-finger composed of the two ␤-strands 6 and 7 (15) . Interestingly, the contact frequency map of nNOS with dystrophin showed a consistent involvement in the interaction of this mainly negatively charged ␤-finger with the globally positive helix C of R17. The nNOS binding interface also involves the three ␤-strands 1, 4, and 5, which constitute a flat and hydrophobic front surface that strongly associates with the hydrophobic patch that we previously described at the dystrophin R16 -17 surface (41) . We noticed that similar interaction of a ␤-sheet with a coiled-coil structure has already been reported for the association of ZU5 domain of ankyrin to ␤-spectrin, involving A/B loop, AЈ and CЈ helices of the spectrin filament (42) .
More interestingly, the nNOS front surface contacting dystrophin R16 -17 is opposite to the platform that is classically involved in interaction with other PDZ domains, called glove, and formed by ␣1 helix and ␤2 and ␤3 strands. To bind both syntrophin and dystrophin concurrently, a single nNOS homodimer should then involve either (i) its two PDZ domains present in a nNOS dimer, one PDZ with dystrophin and one PDZ with syntrophin, which could be achieved through the recently suggested great flexible position of the nNOS-PDZ domain toward the oxidase domain (14) or (ii) a binding interface of dystrophin R16 -17 modified to accommodate the PDZ domains of both syntrophin and nNOS.
The R16 and R17 site of dystrophin involved in the binding to nNOS is strongly modified in the most common BMD in-frame deletions involving exon 45 and further exons (40) . The deletion of exons 45 to 55 has been explored in detail regarding the presence or absence of the nNOS at the sarcolemma (11) . This deletion deletes half of R17 at the C-terminal end, which is replaced by the equivalent part of R22, reconstituting the structure of a true repeat at the new junction (40) and maintaining the repeat phasing (43) . Several patients who presented a nNOS at the sarcolemma were less diseased than patients whose nNOS was not present at the sarcolemma. These data were very striking, and the authors hypothesized that epigenetic factors or genetic modifiers may be involved in this regulation (11) . We here questioned these data from another angle. As we know from the alanine-scanning mutagenesis that a single mutation of R16 -17 can modify the affinity of the interaction, we could argue that non-synonymous mutations qualified as polymor- The blue frame highlights the nNOS-binding site region in wild-type R17, which is replaced after deletions by the corresponding sequences of the concatenated repeats (green frame). Sequence similarities (* for identity and ‡ for similarity) were compared for all residues except those involved in the heptad pattern (a and d positions highlighted in gray), which correspond to core residues not contributing to molecular surface properties. DECEMBER 4, 2015 • VOLUME 290 • NUMBER 49 phic in a native context could have a valuable effect in the deletion context on the affinity of the nNOS/dystrophin interaction. Some of these SNPs could restore an affinity of nNOS for the modified site of interaction. This restoration may be valuable for the two proteins, and SNPs of the two DMD and NOS1 genes could have additive or subtractive effects. In a first approach, we compared the alignments of the sequences of several deletion mutants starting at exon 45, such as deletions 45-48, 45-51, 45-53, 45-55, and 45-57, which all reconstitute the structure of a native repeat at the new junction. The closest similarity in the nNOS binding site was determined for deletion 45-55 at 37% using the consensus sequence of the DMD gene. Therefore, it could be very valuable to obtain the gene sequence of BMD patients with the deletion 45-55 to determine whether the similarity to the native binding site is greater in the patients with a less severe phenotype.
Our study will help understand how the nNOS-dystrophin binding site is modified in in-frame deletions involving exon 42 coding for helix B of R16 to exon 46 coding for the C-terminal part of helix C of R17. It could be interesting in analyzing the results of therapy of DMD patients by exon skipping and in maintaining the true nNOS binding site in micro-dystrophins (4, 5, 19) . 
